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Adipose tissue is central to the regulation of lipid
metabolism. Berardinelli-Seip congenital lipodystro-
phy type 2 (BSCL2), one of the most severe lipodys-
trophy diseases, is caused by mutation of the Seipin
gene. Seipin plays an important role in adipocyte dif-
ferentiation and lipid homeostasis, but its exact mo-
lecular functions are still unknown. Here, we show
that Seipin physically interacts with the sarco/endo-
plasmic reticulum Ca2+-ATPase (SERCA) in both
Drosophila and man. SERCA, an endoplasmic retic-
ulum (ER) calcium pump, is solely responsible for
transporting cytosolic calcium into the ER lumen.
Like dSeipin, dSERCA cell-autonomously promotes
lipid storage in Drosophila fat cells. dSeipin affects
dSERCA activity and modulates intracellular calcium
homeostasis. Adipose tissue-specific knockdown of
the ER-to-cytosol calcium release channel ryanodine
receptor (RyR)partially restores fat storage indSeipin
mutants. Our results reveal that Seipin promotes
adipose tissue fat storage by regulating intracellular
calcium homeostasis.
INTRODUCTION
Lipids are major cellular energy sources, membrane compo-
nents, and signal molecules. Adipose tissue is the main storage
site for neutral lipids. Proper lipid storage by adipose tissue is
important for human health. Excess or impaired lipid storage in
adipose tissue leads respectively to obesity and lipodystrophy,
which are tightly associated with numerous metabolic syn-
dromes such as diabetes, dyslipidemia, hypertriglyceridemia,
and hepatic steatosis (Haslam and James, 2005; Simha and
Garg, 2006).
Berardinelli-Seip congenital lipodystrophy type 2 (BSCL2),
one of themost severe lipodystrophy diseases inman, is charac-
terized by a near-total loss of adipose tissue from birth or early
infancy, severe insulin resistance, fatty liver, and muscular
hypertrophy. BSCL2 is caused by mutation of the Seipin gene
(Magre´ et al., 2001). Seipin encodes a homo-oligomeric proteinCthat is integral to the endoplasmic reticulum (ER) membrane
(Binns et al., 2010). Studies in yeast, flies, mice, and various
cell lines have shown that loss of Seipin function leads to severe
lipodystrophy, suppressed adipocyte differentiation, aberrant
lipid droplet formation, and ectopic lipid accumulation (Chen
et al., 2009; Cui et al., 2011; Fei et al., 2008, 2011a, 2011b;
Szymanski et al., 2007; Tian et al., 2011). However, the exact
molecular functions of Seipin remain unknown.
Calcium is an important intracellular signal responsible for
regulatingmultiple cellular processes (Berridge et al., 2000;Clap-
ham, 2007). The ER is the main intracellular calcium storage site
and plays a key role in the maintenance of intracellular calcium
homeostasis. The ryanodine receptor (RyR) and the inositol
1,4,5-trisphosphate receptor (IP3R) are two calcium channels
that release calcium from the ER to the cytosol in response to
cellular stimuli. The sarco/endoplasmic reticulum Ca2+-ATPase
(SERCA) pumps cytosolic calcium into the ER lumen and main-
tains a high calcium concentration difference between the ER
lumenand thecytosol at rest. Several studies indicate thatERcal-
cium homeostasis is critical for adipogenesis and lipid storage.
For instance, the SERCA inhibitor thapsigargin inhibits the early
stages of adipogenesis in cultured cells (Ntambi and Takova,
1996; Shi et al., 2000). The ER calcium sensor STIM1 was found
to negatively regulate the differentiation of 3T3-L1 preadipocytes
(Graham et al., 2009). Drosophila IP3Rmutants exhibit excessive
food intake and obesity (Subramanian et al., 2013).
In this study, we identified that the ER Ca2+-ATPase SERCA is
a Seipin binding protein in both Drosophila and man. We further
showed that dSERCA is required cell autonomously for lipid stor-
age in Drosophila fat cells, and Seipin affects SERCA calcium
pump activity and regulates intracellular calcium homeostasis
in Drosophila. Reducing ER-to-cytosol calcium release restores
the lipid storage function of fat cells in dSeipin mutants. These
findings may provide an effective therapy for BSCL2.RESULTS
Seipin Interacts with SERCA
To uncover the functions of Seipin, we previously generated a
Drosophila Seipinmutant (dSeipin) and found that dSeipinmuta-
tion leads to reduced lipid storage in adipose tissue, mimicking
human lipodystrophy. We created a functional dSeipin-EYFP
transgene and found that dSeipin-EYFP is localized to the ERell Metabolism 19, 861–871, May 6, 2014 ª2014 Elsevier Inc. 861
Figure 1. Seipin Interacts Physically with
SERCA in Drosophila and Man
(A) Silver staining of proteins immunoprecipitated
by GFP antibody from dSeipin-EYFP and EYFP
transgenic whole third instar larval lysates.
(B) Coimmunoprecipitation of dSeipin-EYFP and
Myc-dSERCA by GFP antibody from lysates of
transgenic third instar larval fat bodies.
(C) Using GFP antibody, dSeipin-EYFP coimmu-
noprecipitates with endogenous dSERCA from
lysates of third instar larval fat bodies.
(D) Using Flag antibody, Flag-hSERCA2b coim-
munoprecipitates with Myc-hSeipin from lysates
of transfected HEK293.
(E) hSeipin antibody detects a specific band of
55 kDa in lysates from control HEK293 cells but
not from two independent hSeipin siRNA knock-
downs (KD1 and KD2).
(F) Using hSERCA2 antibody, endogenous hSeipin
and hSERCA2 coimmunoprecipitate fromHEK293
cell lysates.
(G) Coomassie blue staining of purified proteins
from transfected HEK293 cells.
(H) Purified Myc-hSeipin-WT, but not Myc-
hSeipin-DL212-225, coimmunoprecipitates with
purified Flag-hSERCA2b.
See also Figure S1.
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Seipin, SERCA, and Lipid Storage(Tian et al., 2011). To identify proteins associated with dSeipin,
we precipitated dSeipin-EYFP from whole larval lysates using
a GFP antibody with an EYFP transgene as negative control (Fig-
ure 1A). By mass spectrometry, we identified nine candidate
dSeipin-interacting proteins, which were then classified accord-
ing to reported subcellular localization and screened for fat
storage phenotypes by ppl-GAL4-driven RNAi knockdown (Fig-
ure S1A available online). Only dSERCA/Ca-P60A was found to
show both reduced fat storage when knocked down and ER
localization (Figure S1A). dSERCA is the Drosophila sarco/endo-
plasmic reticulum Ca2+-ATPase, which transports cytosolic cal-
cium into the ER lumen and plays an important role in intracellular
calcium homeostasis (Berridge et al., 2000; Sanyal et al., 2005).
Seipin is an ER transmembrane protein that is expressed in
various tissues (Magre´ et al., 2001; Tian et al., 2011). We found
that Myc-tagged hSeipin is colocalized with hSERCA2 in HeLa
cells (Figure S1B). The colocalization and ubiquitous expression
pattern of both SERCA and Seipin prompted us to further
examine their physical interactions.
We generated a Myc-tagged dSERCA transgene and found
that Myc-tagged dSERCA coimmunoprecipitated with EYFP-
tagged dSeipin when expressed in the fat body (Drosophila
adipose tissue) (Figure 1B). Using a dSERCA antibody (Sanyal862 Cell Metabolism 19, 861–871, May 6, 2014 ª2014 Elsevier Inc.et al., 2005), we showed that dSeipin-
EYFP was coimmunoprecipitated with
endogenous dSERCA from a fat body
lysate (Figure 1C). These results indicate
that dSeipin physically interacts with
dSERCA in vivo. Because both Seipin
and SERCA are highly conserved in fly,
mouse, and man, we next investigated
whether hSeipin interacts with hSERCA.Similar to our findings in Drosophila, Myc-tagged hSeipin coim-
munoprecipitated with Flag-tagged hSERCA2b, a ubiquitously
expressed isoform of hSERCA (Wu et al., 1995), in HEK293 cells
(Figure 1D). To reveal the physical interaction under normal
physiological conditions, we generated an hSeipin antibody,
which by western blot detects a specific band of just under
55 kDa that is diminished by hSeipin siRNA (Figure 1E). Using
this antibody, we found that endogenous hSeipin coimmunopre-
cipitated with hSERCA2 (Figure 1F).
To investigate whether Seipin binds to SERCA directly, we
purified Flag-tagged hSERCA2b and Myc-tagged hSeipin sepa-
rately from transfected HEK293 cells and performed a pull-
down assay with the purified proteins (Figure 1G). We found that
purified Myc-tagged wild-type hSeipin coimmunoprecipitated
with purified Flag-tagged hSERCA2b, while a small deletion in
the loop region abolished the interaction (see below) (Figure 1H).
Together, these results demonstrate that Seipin physically inter-
acts with SERCA and the interaction is conserved in fly and man.
The Loop Region of dSeipin Is Important for Its
Oligomerization and Interaction with dSERCA
We next mapped the protein domains that are important for the
Seipin-SERCA interaction and for dSeipin function. dSeipin has
Figure 2. The Loop Region of dSeipin Is
Important for the dSeipin-dSERCA Interac-
tion and the Self-Oligomerization of dSeipin
(A) Schematic diagrams of different dSeipin con-
structs. FL, full-length; DN, N-terminal deletion;
DLT, loop regiondeletion;DCT,C-terminaldeletion.
The transmembrane domains TM1 and TM2 were
each swapped with the putative fourth trans-
membrane domain of Drosophila glucose-6-phos-
phatase (G6Pase) in dSeipin-DTM1 and DTM2.
(B)Deletionof thedSeipin loop region abolishes the
coimmunoprecipitation of dSeipin and dSERCA.
(C) Detection by Myc antibody of different forms of
dSeipin proteins on a western blot. Note that high-
molecular weight bands of dSeipin above 170 kDa
(marked by the arrowhead) are absent when the
loop region is deleted from the dSeipin protein
(DLT).
(D) Coimmunoprecipitation by Myc antibody of
FLAG-tagged full-length dSeipin with a series
of Myc-tagged dSeipin proteins. Myc-tagged
dSeipin with a deletion of the loop region (DLT)
cannot precipitate FLAG-tagged dSeipin.
(E) Nile red staining of lipid droplets in third instar
larval fat bodies of different genetic backgrounds.
The fat body-specific driver ppl-Gal4 was used to
control UAS-transgene expression. Expression
of dSeipin-DLT does not rescue the fat storage
defect of dSeipin mutants. Nuclei were stained by
DAPI (blue). Scale bar represents 50 mm.
(F) Relative glyceride levels in third instar larvae of
different genetic backgrounds. Glyceride levels
were normalized to protein content. Expression of
dSeipin-DLT does not rescue the reduced glyc-
eride phenotype of dSeipin mutants. Error bars
represent ±SD. ***p < 0.001; *p < 0.05, NS,
nonsignificant.
See also Figure S2.
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mains, which are separated by a large, highly conserved loop re-
gion and a long C-terminal region that is less conserved in yeast
(Figure 2A). We expressed Myc-tagged full-length dSeipin and
dSeipin variants with an N-terminal deletion, a C-terminal dele-
tion, a deletion of the loop region, and replacements of the two
transmembrane domains in Drosophila S2 cells (Figure 2A).
The N-terminal deletion, C-terminal deletion, or the loop region
deletion did not change the colocalization of dSeipin with the
Flag-tagged ER marker Calnexin 99A (Figure S2). Only deletion
of the loop region abolished the interaction with dSERCA
(Figure 2B). Previous data have shown that Seipin forms large
oligomers (Binns et al., 2010). Interestingly, we found that high-
molecular-weight bands of dSeipin above 170 kDa were not de-
tected when the loop region was deleted (Figure 2C). To further
examine this, we used the Myc-tagged dSeipin deletion con-
structs to coimmunoprecipitate Flag-tagged full-length dSeipin
and found that deleting the loop region abolished coimmunopre-
cipitation of Flag-tagged dSeipin (Figure 2D). Together, these
results indicate that the loop region is necessary for self-oligo-
merization of dSeipin and its interaction with dSERCA.
To investigate whether the loop region is required for dSeipin
function in vivo, we next explored whether different forms of
dSeipin can rescue the reduced lipid storage phenotype in the
fat bodies of dSeipin mutants. Consistent with the oligomeriza-Ction result, full-length dSeipin protein has full rescuing activity,
while the N-terminal and C-terminal deletions have partial
rescuing activity (Figures 2E and 2F). Deleting the loop region
completely abolished the rescuing activity of dSeipin (Figures
2E and 2F), indicating the importance of this region.
To further delineate the part of the loop region that is important
for Seipin-SERCA interaction, we aligned the loop region
sequence of Seipin in different species using ClustalX (Fig-
ure S1C). We found a highly conserved small motif in the loop re-
gion near the alanine 212 residue (A212), which is mutated to
proline in some human BSCL2 patients (Figure S1C). Deleting
this 14 amino acid motif completely abolished Seipin-SERCA
binding. Purified Myc-tagged hSeipin-DL212–225, which has a
deletion of amino acids 212–225, did not coimmunoprecipitate
with purified Flag-tagged hSERCA2b (Figures 1G and 1H).
Similar to wild-type forms of hSeipin, Myc-tagged hSeipin-
DL212–225 was colocalized with the ER marker SEC61B in HeLa
cells (Figure S1D). Together, these results indicate an essential
role of the highly conserved loop region in SERCA and Seipin
binding.
dSERCA Is Required for Fat Body Lipid Storage and
Genetically Interacts with dSeipin
We next explored the biological significance of the Seipin-
SERCA interaction. Our previous work proved that dSeipinell Metabolism 19, 861–871, May 6, 2014 ª2014 Elsevier Inc. 863
Figure 3. dSERCA Is Required for Lipid Storage in Adipose Tissue and Genetically Interacts with dSeipin
(A) Analysis of dSeipin mutant fat body cell clones. dSeipin mutant fat cells (RFP-negative) are marked by the white dashed line and twin-spot control cells
(RFP-positive) are labeled by yellow dashed lines. BODIPY was used to stain lipid droplets. Nuclei were stained by DAPI. Scale bar represents 50 mm.
(B) Quantification of the diameter and number of lipid droplets in (A). Error bars represent ±SEM. ***p < 0.001.
(C) Analysis of dSERCA mutant fat body cell clones. dSERCA mutant fat cells (GFP-negative) are marked by white dashed lines and twin-spot control cells
(GFP-positive) are labeled by the yellow dashed line. LipidTOX was used to stain lipid droplets. Nuclei were stained by DAPI. Scale bar represents 50 mm.
(D) Quantification of the diameter and number of lipid droplets in (C). Error represent ±SEM. ***p < 0.001.
(E) Western blot of dSERCA in fat bodies from wild-type and dSERCA RNAi larvae. The dSERCA protein level is greatly reduced in fat body cells from larvae in
which dSERCA RNAi expression was driven by ppl-GAL4.
(legend continued on next page)
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Seipin, SERCA, and Lipid Storagepromotes fat body lipid storage in a tissue-autonomous manner
(Tian et al., 2011). We then asked whether dSeipin and dSERCA
function cell-autonomously in regulating fat storage. dSERCA is
essential for fly development, and null mutations are embryonic
lethal (Sanyal et al., 2005). Therefore, to compare the effect of
loss of function of these two genes on lipid storage, we gener-
ated dSERCA and dSeipin mutant fat body cell clones. Both
dSeipin and dSERCA mutant fat cells have fewer and smaller
lipid droplets than adjacent control cells (Figures 3A–3D). In
addition, dSeipin and dSERCA mutant cells are smaller than
the surrounding wild-type cells (Figures 3A and 3C). Reduced
cell size is commonly seen in mammalian white adipose tissue
in the absence of fat storage, so it is possible that loss of fat
storage in Drosophila has a similar effect on fat body cells. In
agreement with the hypothesis that only fat cells are affected,
the salivary gland cells in dSeipin and dSERCA mutants are
similar in size to wild-type (data not shown). These results indi-
cate that both dSeipin and dSERCA function cell-autonomously
to promote lipid storage in the fat body.
Next, we investigated the genetic interaction between dSeipin
and dSERCA. We performed tissue-specific RNAi knockdown of
dSERCA using the fat body-specific ppl-GAL4 driver and found
that the dSERCA protein level is greatly reduced in fat cells (Fig-
ure 3E). With Nile red staining, we found that dSERCA RNAi
results in smaller lipid droplets in fat cells compared to controls
(Figures 3E and 3F), which is consistent with the results from the
dSERCA mutant clonal analysis (Figure 3C). Furthermore, the
relative glyceride level in dSERCA RNAi knockdown flies was
significantly decreased to only 50% of the wild-type level (Fig-
ure 3G). Double RNAi knockdown of dSeipin and dSERCA
enhanced the lipid droplet phenotype and further reduced the
glyceride levels compared to RNAi of either single gene (Figures
S3A, S3B, and 3G). We then overexpressed dSERCA in the fat
body of dSeipin mutants and found that the fat body lipodystro-
phy phenotype was partially, but significantly, rescued. On
the other hand, overexpressing the Kum170 mutant form of
dSERCA, which disrupts the calcium pump activity, had no
effect on the dSeipin mutant phenotype (Figures 3H and 3I). In
contrast, overexpression of dSeipin-EYFP did not rescue the
decreased lipid droplet size caused by dSERCA RNAi (Figures
3J and 3K). These results suggest that dSERCA may act down-
stream of dSeipin to promote lipid storage in adipose tissue.
Furthermore, because dSERCA overexpression only partially
rescues the lipodystrophy of dSeipin mutants, dSERCA levels
do not seem to be limiting for dSeipin function. Taken together,(F) Knockdown of dSERCA in the fat body cells impairs fat body lipid storage. Lip
represents 50 mm.
(G) Relative glyceride levels in dSERCA and dSeipin RNAi knockdown third i
knockdown reduces the glyceride level. Double RNAi knockdown of dSERCA a
knockdown of either gene. Error bars represent ±SD. ***p < 0.001; **p < 0.01; *p
(H) Wild-type dSERCA, but not the Kum170mutated dSERCA, partially rescues t
were stained by Nile Red and nuclei were stained by DAPI. Scale bar represents
(I) Quantification of lipid droplet diameter in 20 fat body cells of each genotype
comparison test. Each point represents a single lipid droplet. Error bars represe
(J) Nile red staining of lipid droplets in ppl >GFP, ppl >GFP; dSERCA RNAi and pp
not rescue the reduced fat storage phenotype of dSERCA RNAi fat bodies. Nuc
(K) Quantification of lipid droplet diameter in 20 fat body cells of each genotype
comparison test. Each point represents a single lipid droplet. ***p < 0.001; NS, n
See also Figure S3.
Cour data suggest that dSeipin and dSERCA function together
to promote fat storage in adipose tissue.
dSeipin Affects dSERCA Activity and Modulates
Intracellular Calcium Homeostasis
Our results raised the possibility that Seipin may affect the
SERCA protein level or Ca2+-ATPase activity in fat cells and
that the overall activity of SERCA may be decreased in dSeipin
mutants. To test these possibilities, we first determined the
dSERCA protein levels using the dSERCA antibody. dSERCA
levels were similar in dSeipinmutant and wild-type fat cells (Fig-
ure 4A). To find out whether dSeipin regulates the calcium pump
activity of dSERCA, we purified microsomes enriched in ER
membranes by differential centrifugation of fat body homoge-
nates from wild-type and dSeipin mutants. Western blotting
showed that dSERCA protein levels were similar in purified
microsomes of wild-type and dSeipin mutants (Figure S4A).
Ca2+-ATPase activity was measured by a spectrophotometric
assay using a coupled enzymatic system (de Smedt et al.,
1991; Gehrig et al., 2012). Compared to wild-type, the calcium-
dependent ATPase activity was significantly decreased in
dSeipin mutants, indicating that dSeipin affects dSERCA cal-
cium pump activity (Figure 4B). Impaired, but not completely
abolished, dSERCA activity in dSeipin mutants is consistent
with the phenotypic difference between null mutants of dSERCA,
which is embryonic lethal, and dSeipin, which is fully viable.
Impaired SERCA activity in dSeipin mutants may lead to
defective calcium transport from the cytosol to the ER, thus
reducing the ER calcium level. To examine this possibility, we
conducted several experiments to examine the ER calcium level.
We first used a well-characterized fluorescent calcium sensor,
GCaMP3 (Tian et al., 2009), to record fat cell cytosolic calcium
changes when calcium transport from the cytosol to the ER is
blocked by thapsigargin (TG), a SERCA inhibitor. After treatment
with 10 mM TG in calcium-free solution, the intensity of the
GCaMP3 signal increased more than 4-fold in wild-type fat
cells, reflecting the calcium efflux from the ER calcium pool to
the cytosol. However, in the fat cells of dSeipin mutants, the
GCaMP3 signal intensity only increased 2-fold after TG treat-
ment (Figures 4C and 4D).When the change inGCaMP3 intensity
was plotted against time, the area under the curve for dSeipin
mutants was only 40% of wild-type (Figure 4E). Ionomycin is
an effective calcium ionophore that leads to calcium release
from most intracellular stores. We next recorded ionomycin-
evoked calcium release in Fluo-4-AM-loaded fly fat cells in theid droplets were stained by Nile red and nuclei were stained by DAPI. Scale bar
nstar larvae. Glyceride levels were normalized to protein content. dSERCA
nd dSeipin in fat body leads to a more severe lipid storage defect than single
< 0.05.
he reduced fat body lipid storage phenotype of dSeipinmutants. Lipid droplets
50 mm.
in (H). Data were analyzed by one-way ANOVA with a post-Tukey’s multiple
nt ±SD. ***p < 0.001; NS, nonsignificant.
l > dSeipin-EYFP; dSERCA RNAi fat bodies. Expression of dSeipin-EYFP does
lei were stained by DAPI. Scale bar represents 20 mm.
in (J). Data were analyzed by one-way ANOVA with a post-Tukey’s multiple
onsignificant.
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Figure 4. dSeipin Modulates Intracellular Calcium Homeostasis
(A) The dSERCA protein level is not changed in fat cells from dSeipin mutants.
(B) Relative dSERCA Ca2+-ATPase activity in fat cell microsomes from wild-type and dSeipinmutants. The activity of SERCA was calculated from the hydrolyzed
ATP level (nmol) normalized with the protein content (mg) and reaction time (min). Error bars represent ±SEM. ***p < 0.001
(C) GCaMP3 fluorescence changes in fat cells from wild-type and dSeipin mutants treated with 10 mM TG in Ca2+-free buffer to inhibit calcium transport from
cytosol to ER by dSERCA. GCaMP3 fluoresces more brightly as the calcium level increases. Scale bar represents 50 mm.
(D) Graphs showing the change in GCaMP3 fluorescence intensity (DF/F) with time in (C). Error bars represent ±SEM.
(E) Bar chart showing the area under the curves (AUC) in (D). Error bars represent ±SEM. **p < 0.01.
(F) Cytosolic calcium changes evoked by 10 mM ionomycin in calcium-free bathing solution. Error bars represent ±SEM.
(G) Bar chart showing the area under curves (AUC) in (F). Error bars represent ±SEM. ***p < 0.001; *p < 0.05.
(H) The CFP and FRET (YFP) fluorescence images of the D1ER reporter in fat cells of wild-type and dSeipin mutants. Scale bar represents 50 mm.
(I) The relative basal FRET ratio (FRET/CFP) of D1ER in fat cells of wild-type and dSeipin mutants in (H). Error bars represent ±SEM. ***p < 0.001.
(J) STIM-mCherry localization in fat cells of wild-type and dSeipin mutants with or without TG treatment. STIM-mCherry expression was driven by ppl-GAL4.
Panel a: STIM-mCherry is evenly distributed in wild-type fat cells under normal condition. Panel b: STIM-mCherry forms clusters intracellularly and along the
plasmamembrane in wild-type fat cells treated with TG. Panel c: STIM-mCherry forms clusters in dSeipinmutant fat cells even without TG treatment. Panel d: TG
treatment has no effect on STIM-mCherry clustering in dSeipin mutant fat cells. In panels b–d, arrowheads point to STIM-mCherry puncta along the plasma
membrane. Scale bar represents 20 mm.
(K) Quantification of the redistribution of STIM-mCherry in (J). Fp/FTOT was calculated as the ratio of fluorescence intensity in the peripheral region (Fp) to the total
cell fluorescence (FTOT). Error bars represent ±SEM. ***p < 0.001; NS, nonsignificant.
(L) The basal cytosolic calcium level in fat cells of wild-type and dSeipin mutants. Error bars represent ±SEM. ***p < 0.001.
See also Figure S4.
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ment, the addition of 10 mM ionomycin evoked smaller cytosolic
calcium rises in fat cells of dSeipin mutants than wild-type (Fig-
ure 4F). The area under the curve for dSeipin mutants was only
half that of wild-type (Figure 4G). Consistent with the genetic
interaction results, overexpression of dSERCA partially rescued
the reduced ionomycin-evoked cytosolic calcium release in866 Cell Metabolism 19, 861–871, May 6, 2014 ª2014 Elsevier Inc.dSeipin mutants (Figures 4F and 4G). These results suggest
that the ER calcium level is lower in dSeipin mutant fat cells
than in wild-type.
To directly detect the ER calcium level, we generated a trans-
genic fly carrying the ratiometric fluorescence resonance energy
transfer (FRET)-based ER calcium indicator chameleon D1ER
(Palmer et al., 2004). This reporter contains two fluorophores,
Cell Metabolism
Seipin, SERCA, and Lipid StorageCFP and YFP, joined by a calcium-sensitive linker. High calcium
levels induce a conformational change which increases FRET
between the fluorophores and strengthens the YFP signal.
Immunofluorescence showed that D1ER was colocalized with
the ER marker Flag-Calnexin 99A in fly S2 cells (Figure S4B).
Wild-type and dSeipin mutants have similar D1ER expressions
in fat cells (Figure S4C). Wild-type fat cells have weak CFP fluo-
rescence and strong YFP fluorescence, reflecting more FRET
from CFP to YFP. However, dSeipinmutant fat cells have strong
CFP fluorescence and weak YFP fluorescence (Figure 4H). The
relative basal FRET ratio of fat cells in dSeipin mutants is only
40% of wild-type (Figure 4I), indicating the decreased basal ER
calcium level in fat cells of dSeipin mutants.
Previous studies have revealed that ER calcium depletion in
mammals triggers the oligomerization and redistribution of
STIM1 (stromal interaction molecule 1) to ER-plasma membrane
(ER-PM) junctions, causing CRAC calcium channels to open
(Luik et al., 2008; Roos et al., 2005). To check whether STIM
was activated in fat cells of dSeipin mutants, we created
a Drosophila STIM-mCherry fusion reporter. Normally, STIM-
mCherry is evenly distributed in wild-type fat cells (Figure 4J,
panel a). After treatment with the SERCA inhibitor TG, which de-
pletes calcium from the ER, STIM-mCherry formed clusters
intracellularly and some at the cell periphery (Figure 4J, panel
b arrowheads). We next analyzed the STIM-mCherry pattern in
dSeipin mutant fat cells. Before TG treatment, STIM-mCherry
clustered intracellularly and also accumulated into puncta at
the peripheral PM region (Figure 4J, panel c arrowheads), similar
to wild-type fat cells in the presence of TG. The ratio of peripheral
to total fluorescence in TG-treated wild-type fat cells and un-
treated dSeipin fat cells was significantly increased compared
to wild-type fat cells under normal conditions (Figure 4K), indi-
cating the activation of STIM in fat cells from dSeipin mutants.
Consistent with this, adding TG did not change the STIM-
mCherry clustering and PM localization in dSeipin mutant fat
cells (Figures 4J, panel d arrowheads, and 4K).
The activation of STIM stimulates the opening of CRAC
calcium channels and calcium influx. The activated STIM and
decreased SERCA pump activity may lead to elevated cytosolic
calcium levels in fat cells of dSeipinmutants. We next measured
the basal cytosolic calcium concentration in fat cells from
wild-type and dSeipin mutants by using Fluo-4 AM. The basal
cytosolic calcium concentration is 170 nM in wild-type and
350 nM in dSeipin mutants (Figure 4L), reflecting higher basal
cytosolic calcium level in fat cells of dSeipin mutants. Taken
together, our results show that calcium levels are lower in the
ER and higher in the cytosol when dSeipin is mutated, suggest-
ing that dSeipin affects intracellular calcium homeostasis, prob-
ably by modulating dSERCA activity in fat cells.
Lipogenesis and Fatty Acid b-Oxidation Are Affected by
Loss of Function of dSeipin and dSERCA
Although intracellular calcium homeostasis is known to be
important for adipogenesis and lipid storage (Graham et al.,
2009; Ntambi and Takova, 1996; Shi et al., 2000; Subramanian
et al., 2013), the underlying connections between intracellular
calcium homeostasis and fat storage are not fully understood.
We next investigated why disruption of intracellular calcium
homeostasis leads to lipodystrophy in dSeipin and dSERCACmutants. Because many lipids are transported from the intestine
to the fat body for storage by fat body-secreted lipoproteins
circulating in the hemolymph (Palm et al., 2012), we first exam-
ined the levels of lipoproteins in both fat body and hemolymph
by western blot. In Drosophila larvae, two major circulating lipo-
proteins, Lpp and LTP, are secreted from the fat body, a process
that depends on microsomal triglyceride transfer protein (MTP).
Lpp is posttranslationally cleaved into apoLI and apoLII, and LTP
is cleaved into apoLTPI and apoLTPII (Palm et al., 2012). dSeipin
mutants showed no obvious changes in the levels of apoLI,
apoLII, and MTP in fat body and hemolymph (Figure S5A). Inter-
estingly, the hemolymph of dSeipin mutants contained higher
levels of apoLTPI, while the level of apoLTPII was unchanged
(Figure S5A). These results indicate that the lipodystrophy in
dSeipinmutants is probably not caused by defective lipoprotein
transport. Meanwhile, loss of SERCA activity and disruption
of ER calcium homeostasis can induce ER stress. The relative
mRNA level of Bip, an important ER stress marker (Bertolotti
et al., 2000), is greatly increased in fat cells from dSeipinmutants
and dSERCA knockdown animals (Figure S5B), indicating a role
of dSeipin in ER stress response.
To search for potential downstream effectors of dSeipin, we
used isobaric tags for relative and absolute quantitation (iTRAQ),
an effective tool for quantitative mass spectrometry in proteomic
studies (Tambor et al., 2012). Due to the abundance of a few
lipoproteins in the fat body, we were only able to identify 1,423
proteins in fat body cells from both wild-type and dSeipin
mutants. Among these proteins, 97 were present at significantly
different levels in wild-type and dSeipin mutants (Table S1).
ATPCL and ACC, two key enzymes in the fatty acid biosynthesis
pathway, were both greatly reduced in dSeipin mutants (Fig-
ure 5A). This is consistent with our previous finding that elevated
lipogenesis, induced by overexpressing diacylglycerol acyl-
transferase (DGAT) or SREBP, can rescue the fat storage defect
of dSeipin mutants (Tian et al., 2011). In addition, ACAA/yip2,
ETFDH/CG12140, and ACAD/CG12262, three enzymes in the
fatty acid b-oxidation pathway, were significantly increased in
dSeipin mutants (Figure 5B). Furthermore, by quantitative RT-
PCR (qRT-PCR), we found that the mRNA level of DGAT/mdy
was also significantly decreased in the fat cells of dSeipin mu-
tants (Figure S5C). Consistent with the reduction of fatty acid
biosynthesis and the elevation of fatty acid b-oxidation, the over-
all level of free fatty acids, especially C12:0, C14:0, C16:0, C16:1,
and C18:1, was greatly reduced in dSeipin mutants (Figure 5C).
We then analyzed the transcription of a panel of lipogenic genes
in dSERCA RNAi animals and found that the mRNA levels
of several genes, including FAS, ACC, ACS, and DGAT/mdy,
were all significantly reduced (Figure 5D). Taken together, these
results suggest that lipogenesis is downregulated and fatty
acid b-oxidation is elevated in fat body cells when intracellular
calcium homeostasis is impaired due to reduced ER calcium
levels and elevated cytosolic calcium levels.
Reducing ER-to-Cytosol Calcium Release by RyR
Knockdown Rescues the dSeipin Mutant Phenotype
We showed above that dSERCA activity is decreased in dSeipin
mutants and disrupting cytosol to ER calcium transport may lead
to lipodystrophy in dSeipin and dSERCAmutants. RyR and IP3R
are the only two types of channel that release calcium from theell Metabolism 19, 861–871, May 6, 2014 ª2014 Elsevier Inc. 867
Figure 5. Lipogenesis and Fatty Acid b-Oxidation Are Affected in
dSeipin Mutants
(A) Relative protein levels of ATPCL and ACC are reduced in third instar larval
fat bodies from dSeipin mutants compared to wild-type. ATPCL, ATP citrate
lyase; ACC, Acetyl-CoA carboxylase. **p < 0.01.
(B) Relative levels of the fatty acid b-oxidation pathway proteins ACAA,
ETFDH, and ACAD are increased in third instar larval fat bodies from dSeipin
mutants compared to wild-type. ACAA, acetyl-CoA acyltransferase; ETFDH,
electron transfer flavoprotein-ubiquinone oxidoreductase; ACAD, acyl-CoA
dehydrogenase. *p < 0.05.
(C) Free fatty acid profiles in wild-type and dSeipinmutants. C15 fatty acid was
added as an internal standard. The levels of most free fatty acids are reduced
in dSeipin mutants. ***p < 0.001; **p < 0.01; NS, nonsignificant.
(D) Relative mRNA levels of lipogenic pathway genes in fat bodies from wild-
type and dSERCA RNAi third instar larvae. *p < 0.05.
Error bars represent ±SD. See also Figure S5 and Table S1.
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Seipin, SERCA, and Lipid StorageER to the cytosol and are evolutionarily conserved (Berridge
et al., 2000; Chorna and Hasan, 2012). Do RyR and IP3R also
affect fat storage of fat cells? Knockdown of RyR or IP3R effi-
ciently decreases the corresponding mRNA levels (Figure S6).
IP3R mutants were previously shown to have an obese pheno-
type with enlarged lipid droplets and elevated fat storage (Sub-
ramanian et al., 2013). Consistent with this, we found that fat
body-specific knockdown of IP3R increased the lipid droplet
size (Figures 6A and 6B). In addition, fat body-specific knock-
down of RyR significantly increased the lipid droplet size and
the glyceride level (Figures 6A–6C). These results indicate that
defects in ER-to-cytosol calcium release and impaired cytosol-
to-ER calcium import lead to opposite fat storage phenotypes
in fat cells.
The opposite phenotypes prompt the hypothesis that the lipo-
dystrophy of dSeipinmutants may be rescued by increasing the
ER calcium level. We reasoned that depletion ofRyR or IP3Rmay
impair ER-to-cytosol calcium efflux and increase the ER cal-
cium level. In dSeipin mutants, while IP3R RNAi did not have a
rescuing effect (Figures 6A and 6B), interestingly, knockdown
of RyR in the fat body significantly rescued the lipodystrophy
phenotype (Figures 6A–6C). Taken together, these results sug-
gest that modifying intracellular calcium homeostasis in fat cells
can reverse lipodystrophy in dSeipin mutants.
DISCUSSION
Our results revealed that Seipin promotes adipose tissue fat
storage by regulating intracellular calcium homeostasis. In868 Cell Metabolism 19, 861–871, May 6, 2014 ª2014 Elsevier Inc.Drosophila Seipin mutant adipocytes, the transport of cytosolic
calcium into the ER lumen mediated by the ER Ca2+-ATPase
SERCA is likely reduced, resulting in a lower ER calcium level
and an elevated cytosolic calcium level. Disrupted intracellular
calcium homeostasismay lead to severe lipodystrophy, because
modifying intracellular calcium homeostasis in fat cells can
reverse lipodystrophy in dSeipin mutants.
We found that Seipin binds to the ER Ca2+-ATPase SERCA
and modulates SERCA activity. SERCA pumps are critical for
maintaining ER calcium homeostasis and the activity of SERCA
is tightly regulated in different cell types (Berridge et al., 2000;
Vandecaetsbeek et al., 2011). SERCA has been linked to lipo-
dystrophy in a previous study, which reported that the level of
SERCA2 is reduced in cells lacking lipin-1 or its activator protein
NEP1-R1 (Han et al., 2012). Several lines of evidence favor a
specific connection between Seipin and SERCA. First, unlike in
lipin-1 mutant cells, the protein level of dSERCA is unchanged
in dSeipin mutants. Second, overexpression of dSERCA in
wild-type does not cause an obvious fat storage phenotype
(data not shown); however, it partially, but significantly, rescues
the fat storage defect in dSeipinmutants. In addition, on its own,
IP3R RNAi causes a much stronger phenotype than RyR RNAi,
but it cannot rescue the dSeipin mutant phenotype, while RyR
RNAi rescues strongly. Third, endogenous hSeipin can be co-
precipitated with hSERCA2. Purified hSeipin and hSERCA can
interact, but a small deletion of hSeipin totally abolishes the
hSeipin/hSERCA interaction without affecting the ER localization
of hSeipin. Phospholamban (PLN) and sarcolipin (SLN), the best-
studied regulators of SERCA inmuscle, inhibit SERCA pumps by
reducing their affinity for cytosolic calcium (Vandecaetsbeek
et al., 2011). Neither PLN nor SLN is conserved in fly, suggesting
that other factors regulate SERCA activity. Our study suggested
that Seipin may act as a conserved positive regulator of SERCA
in adipose tissue, although the mechanisms for modulation of
SERCA activity by Seipin are still unknown.
The quantitative proteomic mass spectrometry analysis sug-
gests that the lipodystrophy in dSeipin mutants may be due to
impaired lipogenesis and elevated fatty acid b-oxidation. This
is supported by our previous finding that elevated lipogenesis,
induced by overexpressing SREBP, can rescue the fat storage
defect of dSeipin mutants (Tian et al., 2011). How calcium
homeostasis affects lipogenesis and fatty acid b-oxidation is
largely unknown. It was reported that mitochondrial fatty acid
oxidation can be activated by calcium in isolated rat liver mito-
chondria (Otto andOntko, 1978). Moreover, SREBP-2 was found
to be activated by the SERCA inhibitor thapsigargin through
depletion of Insig-1 in cultured CHO cells (Lee and Ye, 2004).
This is in contrast to our findings and cannot at present help to
explain why dSERCA RNAi or dSeipin mutants have reduced
lipogenesis in fat cells.
The ER is themajor intracellular calcium storage site as well as
being the organelle responsible for lipid biosynthesis and protein
folding. The accumulation of misfolded or unfolded proteins re-
sults in ER stress. Similarly, loss of ER lumenal calcium triggers
ER stress (Mekahli et al., 2011). Interestingly, ER stress leads to
elevated lipid storage in yeast and hepatic cells, but the under-
lying mechanisms are not fully understood (Fei et al., 2009;
Rutkowski et al., 2008). Moreover, hepatic overexpression of
SERCA in obese mice reduced chronic ER stress and improved
Figure 6. Reducing ER Calcium Release
Partially Restores Fat Storage in dSeipin
Mutants
(A) RyR knockdown rescues the fat body fat stor-
age phenotype of dSeipin mutants and knock-
down of IP3R fails to rescue the fat storage defects
in dSeipinmutants. Lipid droplets were stained by
Nile red and nuclei were stained by DAPI. Scale
bar represents 50 mm.
(B) Quantification of lipid droplet diameters in
20 fat cells of each genotype in (A). Data were
analyzed by one-way ANOVA with a post-Tukey’s
multiple comparison test. Each point represents a
single lipid droplet. Error bars represent ±SD.
***p < 0.001; NS, nonsignificant.
(C) Relative glyceride levels in third instar larval fat
bodies of different genetic backgrounds. Glyc-
eride levels were normalized to protein content.
RyR RNAi knockdown significantly rescues the
reduced glyceride level in dSeipin mutants. Error
bars represent ±SD. ***p < 0.001; **p < 0.01;
*p < 0.05.
See also Figure S6.
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impaired SERCA activity leads to reduced fat storage in adipose
tissue. These seemingly opposite effects of impaired ER calcium
homeostasis on fat storage in hepatocytes and adipocytes
may reflect the tissue-specific manner in which lipid metabolism
is regulated. Similar tissue-specific effects on fat storage have
also been observed when autophagy is impaired. Hepatocyte-
specific knockout of ATG7 or ATG5 by RNAi results in elevated
fat storage (Singh et al., 2009a), while knockdown of ATG5 or
ATG7 in the preadipocyte cell line 3T3-L1 leads to decreased
TAG accumulation (Singh et al., 2009b). In addition, mice with
adipocyte-specific knockout of ATG7 are lean and have greatly
reduced white adipocyte mass (Singh et al., 2009b).
ER calcium homeostasis and ER stress have previously been
linked to transcriptional regulation, chaperone activity, and
protein folding (Cnop et al., 2012; Hotamisligil, 2010; Ron and
Walter, 2007). At present, it is unknown whether the effect of
ER calcium homeostasis on fat storage, such as lipogenesis
and fatty acid b-oxidation, ismediated at the gene transcriptional
level, the protein activity level, or both. We cannot rule out the
possibility that the elevated cytosol calcium level, as well as the
reduced ER calcium level, may contribute to the lipodystrophy.
Indeed, it has been reported that in lymphocytes the activity of
DGAT is inhibited by an increase in intracellular calcium induced
by the ionophore A23187 (Allan and Michell, 1977). In addition,
previous work suggests that lipolysis is strongly activated in
differentiating adipocytes in Seipin mutant mice (Chen et al.,
2012). However, the increase in intracellular calcium has antilipo-
lytic effects mainly by decreasing phosphorylation of hormone-
sensitive lipase (HSL) (Xue et al., 2001). Therefore, it remains to
be determinedwhether altered intracellular calcium homeostasis
in the fat cells of dSeipinmutants has an effect on lipolysis.
Our findings may be important in man for the following rea-
sons. First, both Seipin and SERCA are highly conserved fromCfly to human, and endogenous hSeipin and hSERCA2b physi-
cally interact. Second, the ER calcium homeostasis regulators
STIM1 and SERCA have previously been reported to affect the
early stages of adipocyte differentiation, which is consistent
with the role of Seipin in adipocyte differentiation (Ntambi and
Takova, 1996; Shi et al., 2000). Third, BSCL2 patients are
at much higher risk of hypertrophic cardiomyopathy and mild
mental retardation, which may also be caused by disruption
of intracellular calcium signaling. The finding that modulating
ER calcium homeostasis through RyR significantly rescues the
dSeipin mutant phenotype suggests a potential therapeutic
approach for treating BSCL2 disease and possibly other
lipodystrophies.
EXPERIMENTAL PROCEDURES
Fly Stocks and Husbandry
All flies were reared on standard cornmeal food with Angel dry yeast (Angel
Yeast) at 25C. w1118 was used as the wild-type control in this study. All
Drosophila stocks were obtained from the Bloomington Stock Center and
the Vienna Drosophila RNAi Center except for UAS-dSERCAKum170, which
was kindly provided by Dr. S. Sanyal.
Antibodies and Coimmunoprecipitation
The C-terminal region of human Seipin (amino acids 275–398) was expressed
and purified for immunization in rabbit. The rabbit hSeipin antibody was then
affinity purified and used at a concentration of 1:100 for western blotting.
The following antibodies were used in this study: rabbit anti-dSERCA (a kind
gift from Dr. S. Sanyal, 1:10,000), mouse anti-hSERCA2 (Thermo, MA3-910,
1:2,000), mouse anti-Myc (Abmart, 233882, 1:5,000), mouse anti-Flag (Sigma,
clone M2, 1:5,000), and rabbit anti-GFP (Abcam, ab290, 1:5,000). MTP, apoLI,
apoLII, apoLTPI, and apoLTPII antibodies were supplied by Dr. S. Eaton and
used as reported previously (Palm et al., 2012).
Fat bodies, S2 cells, and HEK293 cells were homogenized and lysed in 1%
digitonin lysis buffer (1% digitonin [Sigma], 50 mM HEPES [pH 7.2], 10 mM
EDTA, 150 mM NaCl, 10 mM sodium fluoride, 1 mM PMSF, protease inhibitor
[Roche]) on ice. Cell lysates were incubated for 15 min on ice, then centrifugedell Metabolism 19, 861–871, May 6, 2014 ª2014 Elsevier Inc. 869
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Seipin, SERCA, and Lipid Storageat 12,000 rpm for 15 min at 4C. The supernatants were saved for further
immunoprecipitations. For GFP antibody immunoprecipitation, GFP antibody
(Abcam, ab290) was used at a 1:1,000 dilution and incubated with protein A
agarose beads (Pierce) for 2 hr at 4C. For hSeipin and hSERCA2 coimmuno-
precipitation, protein G agarose beads (Pierce) were incubated with IgG or
mouse hSERCA2 antibody (Thermo, MA3-910, 1:100) for 2 hr at 4C. The
beads were then washed three times and spun down. After overnight incuba-
tion with the HEK293 cell lysates at 4C, the beads were washed twice then
boiled in sample buffer for western blotting. Anti-Flag M2 affinity gel (Sigma)
and anti-Myc affinity gel (Sigma) were used for the coimmunoprecipitations.
For Myc-hSeipin and Flag-hSERCA2b purification, transfected HEK293 cells
were lysed in 1% DDM lysis buffer (1% DDM, 50 mM Tris-Cl [pH 8.0], 150 mM
NaCl, 0.5 mM EDTA, 0.1 mM EGTA, 1 mM PMSF, protease inhibitor) and
then incubated with anti-Flag or anti-Myc affinity gel (Sigma) at 4C overnight.
After four washes, Myc-tagged proteins were eluted and incubated with Flag-
hSERCA2b purified beads at 4C overnight. The beads were then washed four
times and denatured for 30 min at room temperature for western blotting.
Staining and Microscopy
Lipid droplet staining and lipid droplet size quantification were performed as
previously described (Bi et al., 2012). For each genotype, the diameters of lipid
droplets (larger than 1 mm) in 20 fat body cells were quantified by NIS-Elements
BR 3.0 imaging software. For STIM-mCherry, fat bodies were dissected and
incubated in hemolymph-like (HL) buffer (128 mM NaCl, 2 mM KCl, 35.5 mM
sucrose, 4 mM MgCl2, 1.8 mM CaCl2, 5 mM HEPES [pH 7.4]) containing
10 mM thapsigargin or DMSO for 10 min. Samples were then fixed in 4%
PFA for 30 min at 25C and mounted in 75% glycerol for imaging. STIM-
mCherry redistribution was quantified as the ratio of fluorescence intensity in
the peripheral region (Fp) to the fluorescence intensity of the total cell (FTOT)
in 15 fat body cells by NIS-Elements BR 3.0 software (Luik et al., 2008).
Glyceride Measurements and Free Fatty Acid Analysis
Whole larvae glyceride quantification was performed as previously described
(Tian et al., 2011). Fat bodies of 15 third instar larvae (at least four groups for
each genotype) were dissected and homogenized for glyceride measure-
ments. Total fat from 50 larvae for each sample (three samples per genotype)
was extracted and used for methylation of fatty acids (Palanker et al., 2009).
Sample separation was performed using a BPX70 gas chromatography col-
umn (30 m 3 0.25 mm, 0.25 mm thickness), and mass spectrometry was
used to identify and quantify fatty acid concentrations, with C15 fatty acid
added as an internal standard.
Calcium Imaging in Fly Fat Cells
Fat body cells from young adult flies (1 day after eclosion) were dissected in
normal HL buffer. The fat cells with GCaMP3 were then attached to poly-L-
Lysine (Sigma) coated wells for imaging. For the ionomycin-evoked calcium
release assay, the poly-L-Lysine coated fat cells were incubated with 5 mM
Fluo-4 AM (Invitrogen) for 30 min at 37C in the dark. After three washes
with HL buffer, the HL buffer was replaced by calcium-free HL buffer contain-
ing 2 mM EGTA instead of 1.8 mM CaCl2. Thapsigargin (10 mM) (Sigma) or
10 mM ionomycin (Sigma) in calcium-free HL buffer was used to stimulate
Ca2+ release. Time-lapse images were recorded by a Nikon EZ-C1 confocal
microscope. The calcium signal was presented as the mean of the relative
change in fluorescence intensity normalized to baseline intensity (DF/F) in 30
fat cells. Quantification was performed using NIS-Elements BR 3.0 software.
Measurements of basal cytosolic calcium for fat cells were performed as pre-
viously described (Venkiteswaran and Hasan, 2009). A Kd value of 345 nM
for Fluo-4 AM was used. ER calcium detection with D1ER was performed on
an Olympus FV1000 confocal microscope as previously described (Palmer
et al., 2004). The FRET (YFP) to CFP emission ratio (YFP/CFP) in 30 fat cells
of each genotype was quantified.
Statistical Analysis
All data are shown as mean ± SD or ± SEM. Statistical analyses were
performed with Student’s t test or ANOVA with a post-Tukey’s multiple com-
parison test.
More details of the experimental procedures are provided in the Supple-
mental Information.870 Cell Metabolism 19, 861–871, May 6, 2014 ª2014 Elsevier Inc.SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, Supplemental Experimental
Procedures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.cmet.2014.03.028.
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